Abstract--In this study, we investigate the characteristics of claw-pole alternators for automobiles from both results of calculation and experiments. Nonlinear 3-D finite element analysis is employed to take the claw-pole shape into account. The calculated characteristics are compared with the experimental results in order to confirm the validity of the analysis. Then, the magnetic field is decomposed according to the field sources in order to understand the effect of armature reaction. It is clarified that the large armature reaction in the claw-pole alternator causes the saturation of electrical output and the increase in the harmonic losses in the machine.
I. INTRODUCTION
Claw-pole alternators are widely used for generators of automobiles [1] . According to an increase in electric parts in automobiles, required electricity considerably increases in recent years. Therefore, the output maximization of the claw-pole alternators becomes one of the most important issues in automobile technologies.
The claw-pole alternators can be categorized into synchronous generators. However, the operation conditions for the automobiles are quite different from the other applications. The stator and rotor cores are highly saturated due to the limitation of machine size. The armature current is very large because of low battery voltage connected to the alternator. As a consequence, the design methodologies based on linear equivalent circuit for the other synchronous generators cannot be adopted.
From these viewpoints, we investigate the characteristics of claw-pole alternators for automobiles from both results of nonlinear 3-D finite element analysis and experiments. The calculated characteristics are compared with the experimental results in order to confirm the validity of the analysis. Then, the magnetic field is decomposed according to the field sources in order to understand the effect of armature reaction by the large armature current. Table I lists the specification of the analyzed machine. Laminated electrical steel sheets are used for stator core, whereas the rotor core is made from carbon steel by forging. Fig. 1 shows the circuit connection. The AC output voltage of the alternator is converted to the DC voltage by a full wave rectifier circuit. A battery and a load resistance are connected to the output of the converter. The resistance is controlled to maintain the DC voltage V DC to be 13.5 V. The field current is set to be 5.2 A. Fig. 2 shows the finite element meshes. In the case of the claw-pole alternator, the 3-D analysis is indispensable to take into account the rotor shape. 
II. ANALYZED MACHINE AND CALCULATION METHOD
where x and t are position and time, respectively; A(x,t) is the magnetic vector potential, (x,t) is the permeability; N f and N a are the number of field and armature winding turns, respectively; I f is the field current; i a (x,t) is the instantaneous armature current; n f and n a are the unit vectors along these currents, respectively; S f and S a are the cross-sectional areas of these currents, respectively. p is the armature-flux linkage per phase, R a is the armature winding resistance; R p is the equivalent load resistance per phase, which is determined by considering the equivalence of AC and DC electrical outputs, as follows:
where R DC is the DC resistance including the internal resistance of the battery. The eddy currents in the stator and rotor cores are neglected. The number of time-steps per period is set to be 256. In order to investigate the effects of armature reaction, the total potential A(x,t) is decomposed into A f (x,t) and A a (x,t), which are produced by I f and i a (t), respectively [2] - [4] . In this case, A f (x,t) and A a (x,t), satisfy following equations:
Therefore, A f (x,t) and A a (x,t) can be obtained by the linear finite element analysis due to (4) and (5) with (x,t) that is determined by (1) . Fig. 3 shows the block diagram of the procedure to obtain A f (x,t) and A a (x,t). The result of (x,t) obtained by (1) is memorized and given to (4) and (5). The waveform of i a (t) is also given to (5) .
Then, the total armature flux linkage p is also decomposed into f and a , which are produced by I f and i a (t), as follows:
where
where V a is the volume of the armature winding per phase. Fig. 4 shows the experimental and calculated machine characteristics. It is observed that the no-load voltage is overestimated by the calculation. It must have been caused by the deterioration of rotor-core permeability by forging manufacturing process. 
III. RESULTS AND DISCUSSION

A. Comparison of Experimental and Calculated Results
B. Magnetic Field Distributions
To understand the reason of the output saturation in Fig. 5 , the magnetic field in the alternator is investigated. Fig. 6 shows the calculated distributions of fluxdensity components at center cross section and rotor surface. In the case of the no-load condition, the radial component of the flux density B r is nearly uniform at the rotor surface. On the other hand, in the case of the load condition, the flux is concentrated at the left side of the rotor surface. This must have been caused by the armature-reaction flux a , which direction is nearly opposite to that of the field flux f at the right side. Fig. 7 shows the total and decomposed fluxes due to (4)-(8). Above-mentioned consideration is confirmed by this figure. where M f is the mutual inductance between field and armature windings, L a is the armature reaction inductance. Fig. 8 indicates that the voltage component by the armature reaction becomes almost in opposite direction to that by the field current. In addition, the amplitudes of these voltage components become considerably larger than that of the output voltage, which is fixed in the automobile application. In this case, following approximation can be made:
C. Output characteristics due to vector diagram
Substituting (10) and (11) This expression means the maximum armature current at high speeds when V p , M f , L a , and I f are constant. It can be stated that the output saturation shown in Fig. 5 is caused by the large armature reaction due to large current and low voltage.
D. Increase in Harmonics
The vectors in Fig. 8 correspond to the fundamental voltages. On the other hand, the harmonic fluxes must remain because the fundamental components of the field and armature reaction flux are nearly cancelled each other. Note that the generation of the axial 2 nd harmonic flux shown in Fig. 9 is a peculiar phenomenon of the claw-pole machine. Fig. 10 shows the radial and axial components of the flux density on the plane A and B shown in Fig. 9 . The axial flux is maximized at plane B and minimized at plane A. This is caused by the unbalance of rotor surface area on r-plane by the claw pole. A part of the flux flow along the axial path to the other pole. Fig. 11 shows the calculated harmonic stator iron losses. The figure indicates that the fundamental stator core loss under the load condition is smaller than that under the no-load condition because of the decrease in the fundamental flux, as shown in Fig. 9 . On the other hand, the harmonic losses are considerably larger that under the no-load condition. As a consequence, the total stator core loss increases with load. Note that the total iron loss is larger than the sum of the harmonic losses in Fig. 11 because the rotor eddy currents and stator in-plane eddy currents are neglected in the analysis.
IV. CONCLUSIONS
The effects of the armature reaction in claw-pole alternators for automobile application are investigated from both results of experiments and 3-D nonlinear timestepping finite element analysis.
It is clarified that the armature reaction in the clawpole-alternator is very large due to the low voltage and the large armature currents. As a consequence, it causes the saturation of the electrical output and considerable harmonic iron losses at high speeds. The expression of the saturated armature current is also derived from the results of the nonlinear magnetic field decomposition.
Further work is required to reduce the effect of the armature reaction in the claw-pole alternators. 
